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Background: Well-known risk factors for cognitive impairment are also associated with 
obesity. Research has highlighted genetic risk factors for obesity, yet the relationship of those 
risk factors with cognitive impairment is unknown. The objective of this study was to determine 
the associations between cognition, hypertension, diabetes, sleep-disordered breathing, and 
obesity. Genetic risk factors of obesity were also examined. 

Methods: The sample consisted of 369 nondemented individuals aged 50 years or older from 
four community cohorts. Primary outcome measures included auditory verbal memory, as 
measured by the Rey Auditory Verbal Learning Test, and executive functioning, as measured 
by the Color- Word Interference Test of the Delis-Kaplan Executive Function System battery. 
Apnea-hypopnea index indicators were determined during standard overnight polysomnography. 
Statistical analyses included Pearson correlations and linear regressions. 
Results: Poor executive function and auditory verbal memory were linked to cardiovascular 
risk factors, but not directly to obesity. Genetic factors appeared to have a small but measure- 
able association to obesity. 

Conclusion: A direct linkage between obesity and poor executive function and auditory ver- 
bal memory is difficult to discern, possibly because nonobese individuals may show cognitive 
impairment due to insulin resistance and the "metabolic syndrome". 
Keywords: sleep-disordered breathing, hypertension, diabetes, sleep apnea, BMI, obesity 

Introduction 

The purpose of this work is to clarify how obesity may be related to cognitive changes in 
older adults, with a focus on assessing the role of potential genetic markers. According 
to the Centers for Disease Control and Prevention, over one-third of the population 
is considered obese. Older adults are more likely to experience obesity than younger 
adults, with almost 40% of those aged over 60 years meeting criteria for obesity.' 
Obesity is associated with numerous negative outcomes, including diminished life 
expectancy,^ functional disability,' and impaired quality of life." Additionally, there 
is mounting evidence that suggests that obesity is linked to decreased cognitive per- 
formance^ and increased risk for dementia in later life.'' 

Although epidemiological research has implicated the role of obesity in cognitive 
aging,' the mechanisms (eg, direct versus [vs] indirect) through which obesity exerts 
its effects are not known. Several large-scale metabolic studies have identified single 
nucleotide polymorphisms (SNPs) associated with the development of obesity, as 
measured by body mass index (BMI). In a recent meta-analysis of relevant studies 
involving 249,796 individuals, two genes {FTO and TMEM18) and associated SNPs 
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(rs9930333 and rs2867 125, respectively) were highly signifi- 
cantly (P=4.S X 10-'^° and P=2.E x 10^') and most closely 
associated with BML* Interestingly, the FTO SNP has since 
been implicated in cognitive decline in middle-aged adults.' 
The results of the Bressler et al' study, in over 15,000 indi- 
viduals, were of particular interest, as the effects of FTO 
polymorphisms on cognition were found to be independent 
of diabetes, hypertension, and BMl. 

In contrast to the perspective provided by the Bressler 
et aP study, some evidence suggests that medical comorbidi- 
ties associated with obesity increase the risk of cognitive 
impairment. For instance, obesity increases the risk of condi- 
tions such as hypertension,'" diabetes," and sleep-disordered 
breathing (SDB).'^ Hypertension, diabetes, and SDB have 
been linked to cognitive impairment."""' 

The purpose of this work is to determine whether obesity 
is related to auditory verbal memory and executive function. 
We will then explore the nature of that relationship and pos- 
sible direct pathways (genetic factors FTO and TMEM18), as 
well as indirect pathways (BMI-related disorders, hyperten- 
sion, SDB, and diabetes) through which obesity may exert 
its effects on these two facets of cognition. 

Methods 

Subjects 

The subjects consisted of four cohorts recruited for different 
studies, all of whom were aged 50 years or older and had genetic 
information, BMI, and cognitive performance data on the 



Rey Auditory Verbal Learning Task (RAVLT). Informed con- 
sents, approved by Stanford University, CA, USA, and VA 
Palo Alto Health Care System, CA, USA, Institutional Review 
Boards, were obtained from all subjects. All subjects were com- 
munity dwelling and nondemented according to clinical records 
and neuropsychological evaluations. The cohorts are described 
as follows and their demographics are presented in Table 1 . 

Cohort I 

This cohort consisted of 121 community-dwelling male 
veterans aged 55 years or older""* who were recruited into 
a study of the effects of post-traumatic stress disorder, sleep 
apnea, and cognition, through media advertisement, contact 
with local veteran agencies, and clinician referral from the 
outpatient clinics of the VA Palo Alto Health Care System. 
These participants had previously been genotyped, completed 
the RAVLT, and had extensive medical and sleep evalua- 
tions performed. 

Cohort 2 

Participants were 58 volunteers who completed a neuroim- 
aging (magnetic resonance imaging) study as part of the 
ongoing Stanford/VA Aviation Study, a longitudinal study 
of recreational and commercial pilots." The magnetic reso- 
nance imaging study recruited Aviation Study participants 
who were aged at least 50 years and still actively flying. 
These participants had previously been genotyped and also 
had completed the RAVLT. 



Table I Demographics and comorbidities 



Demographics and comorbidities 


Cohort 1 


Cohort 2 


Cohort 3 


Cohort 4 


Age, years (mean, SD) 


(61.2, 4.0) 


(61.2, 6.4) 


(69.5, 7.8) 


(69.6, 7.9) 


Body mass index (mean, SD) 


(30.6, 5.5) 


(26.6, 4.4) 


(27.6, 4.7) 


(27.4, 5.3) 


Sex (male, %) 


100% 


83% 


57% 


41% 


Hypertension (%) 


61% 


N/A 


N/A 


N/A 


Diabetes (%) 


36% 


N/A 


N/A 


N/A 


Sleep/breathing indices 










AMI alO/hour 


69% 


N/A 


N/A 


N/A 


Cognitive variables 










RAVLT trials l-S total score (mean, SD) 


(40.1, 9.5) 


(50.5, 7.2) 


(41.2, 10.8) 


(46.5, 1 1.7) 


CWIT time (seconds [mean, SD]) 


(38.2, 15.4) 


N/A 


N/A 


N/A 


Genetics 










ThAEhAia (rs2867l25) 










A/A genotype (%) 


3% 


2% 


6% 


5% 


A/G genotype (%) 


32% 


21% 


33% 


29% 


G/G genotype (%) 


65% 


77% 


61% 


66% 


FTO (rs9930333) 










G/G genotype (%) 


15% 


19% 


14% 


20% 


G/T genotype (%) 


43% 


38% 


43% 


53% 


T/T genotype (%) 


42% 


43% 


43% 


27% 



Abbreviations: AHI. Apnea-Hypopnea Index; CWIT, Color-Word Interference Test; RAVLT, Rey Auditory Verbal Learning Test; SD, standard deviation. 
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Cohort 3 

Participants were 67 community-dwelling older adults 
recruited through advertisements and local senior centers for 
the investigation of sleep and behavioral outcomes.^" These 
participants had also previously been genotyped and also had 
completed the RAVLT. 

Cohort 4 

Subjects were 123 community-dwelling older adults partici- 
pating in an investigation of cognitive decline.^' They were 
recruited through advertisements and local senior centers. 
Recruitment advertisements were general in nature, asking for 
individuals who were interested in participating in "a study of 
stress and cognitive functioning in older adults". As in the other 
cohorts, these participants also had previously been genotyped 
and had completed the RAVLT. 

Measures 

Cognitive assessments, self-reported health measures, and 
overnight polysomnography were performed at study entry 
by trained clinicians or technicians. 

Cognitive assessments 

Auditory verbal memory was assessed with the RAVLT,^^ 
a reliable and valid measure of verbal learning and memory.^' -" 
Note that a higher RAVLT score indicates higher levels of 
cognitive functioning. For the purposes of these analyses, we 
used the sum of trials I through V of the RAVLT. 

In Cohort 1, executive function was assessed with the 
Color- Word Interference Test (C WIT) from the Delis-Kaplan 
Executive Function System battery.^' For this study we used 
a CWIT time score, which was calculated by subtracting 
the average time it took each subject to complete the color 
and word naming tasks from the time it took each subject to 
complete the color-word interference task (interference time - 
[{color naming time + word naming time}/2]). A higher CWIT 
score indicates lower levels of cognitive functioning. 

Demographics, BMI-related disorders, and BMI 

BMI was determined for all cohorts using standard proce- 
dures ([weight in pounds X height in inches^] x 703). Subjects 
in Cohort 1 also completed detailed health questionnaires, 
including self-reported BMI-related disorders of interest (ie, 
hypertension and diabetes). 

Genetic analysis 

The allelic status of FTO and TMEM18 was determined in 
all subjects. Genomic DNA was extracted from frozen whole 



blood samples using the method of Lahiri and Nurnberger.^'' 
DNA isolation from plasma was performed using the proto- 
col of Fowke et al.^' In our laboratory for genetic analyses 
we use an Illumina BeadArray platform (Illumina, Inc., 
San Diego, CA, US) for high-throughput multiplexed SNP 
genotyping using Human 610 Quad gene chip. The system 
uses high-density BeadArray technology in combination with 
an allele-specific extension, adapter ligation, and amplifica- 
tion assay protocol. FTO and TMEM18 allelic status were 
obtained through this system. 

Polysomnography 

SDB was assessed for Cohort 1 using unattended, over- 
night polysomnography (Safiro Ambulatory PSG System, 
Compumedics, Charlotte, NC, US). All data were scored^^ 
for sleep staging and respiratory events by a registered poly- 
somnographic technologist and were reviewed by a diplomat 
of the American Board of Sleep Medicine (Dr Cheng). The 
main outcome measure was the Apnea-Hypopnea Index 
(AHI), a descriptor of the severity of SDB. Apnea was defined 
as a "cessation or near complete cessation (greater than 70% 
reduction) of airflow for a minimum of 10 seconds", and a 
hypopnea was "a greater than 30% reduction of amplitude 
in thoracoabdominal movement or airflow as compared to 
baseline with a greater than 4% oxygen desaturation". The 
AHI represents "the number of apneas and hypopneas divided 
by the number of hours of sleep".^' All subjects with clinically 
significant SDB (defined as AHI >10) agreed to have their 
primary medical doctors notified of this finding. 

Statistical analyses 

Pearson correlations and their 95% confidence intervals, as 
well as linear regressions, were performed using the PROC 
CORR and GLM procedures in SAS software, version 9. 1 .3 
(SAS Institute Inc., Cary, NC, US). Dependent variables were 
RAVLT and CWIT performance. Predictors were BMI, hyper- 
tension, diabetes, SDB, and the FTO and TMEM18 SNPs. FTO 
and TMEM18 allele statuses were coded as the number of "G" 
alleles (0, 1 , or 2). Self-reported hypertension and diabetes were 
coded as 0= no and 1= yes, and SDB was coded as 0= no, where 
AHI score was < 10, and 1= yes, where AHI score was s 10. 

Results 

Results were computed in two phases. In Phase I the general 
relationship between the genetic markers, the RAVLT, and 
BMI was examined using consistently collected data from 
the 336 subjects with complete data in all four cohorts. Then, 
in Phase II, using Cohort 1 data, we examined in detail the 
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relationships between the genetic markers, RAVLT, and 
BMI, as well as measures of executive function, hyperten- 
sion, diabetes, and SDB. For each phase, complete case 
analyses were used. 

In Phase I, we found no statistically significant Pearson 
correlations between the genetic markers and BMI, and 
between BMI and RAVLT (Figure 1). In Phase II, we com- 
puted Pearson correlations between the factors of interest in 
our model listed previously (Figure 2: RAVLT; Figure 3: 
CWIT). Statistically significant correlations are asterisked. 

As seen in Figure 2, BMI was not correlated with the 
RAVLT (;^-0.05); however, BMI was associated with 
medical comorbidities that are themselves associated with 
cognition. Specifically, BMI was associated with hyperten- 
sion (r=0.22), diabetes (^0.29), and SDB (^0.22). In turn, 
hypertension {r=-0.26) and SDB (r=-Q.23) were both asso- 
ciated with RAVLT, whereas diabetes was not (;^-0.14). 
Lastly, we examined two known genetic risk factors for 
high BMI (ie, FTO and TMEM18). The TMEM18 SNP was 
significantly associated with BMI (^0.29), whereas the 
FTO SNP was not found to be significantly associated with 
BMI (;^-0.05). 

In Figure 3, we found that BMI was not correlated with 
CWIT (/^0.08), whereas BMI-related disorders were asso- 
ciated with CWIT. Specifically, hypertension (^0.29) and 
diabetes (/-0.3I) were associated with BMI; however, SDB 
(^0.06) was not. As in the case of the RAVLT, we also found 
that the TMEM18 SNP (^0.29), but not FTO SNP (^-0.05), 
was associated with high BMI. The 95% confidence intervals 
for these results are presented in Table 2. 

To better understand the nature of these correlations with 
the risk factors for cognitive impairment, we partitioned 
and calculated the probability (under the additive model) 
of a condition (hypertension, diabetes, SDB) in relation to 
BMI, and tested the predicted value and residual value of 
the condition simultaneously to see how much each portion 
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Figure I All cohorts; Pearson correlations between model factors (N-336 for all 
associations). 

Note: Denotes statistically significant Pearson correlation (P<0.05). 



Figure 2 Cohort I : Pearson correlations between model factors {N-88 for body 
mass index vs N-89 for obesity single nucleotide polymorphism associations. 
N- 1 15-121 for other associations). 

Note: ^Denotes statistically significant Pearson correlation (P<0.05). 



contributed to cognition. For example, in Figure 2, we first 
examined the triplet of RAVLT, hypertension, and BMI. Here 
we use the term "triplet" to define a grouping of three relevant 
variables. First, we performed a linear regression with hyper- 
tension as the dependent variable and BMI as the predictor. 
BMI was found to be a significant predictor of hypertension, 
consistent with the reported Pearson correlation of 0.22. We 
obtained the predicted hypertension for each individual and 
the residual hypertension (observed hypertension - predicted 
[fitted value]). Next, we ran a multivariate linear regression 
with RAVLT as the dependent variable and with the predicted 
hypertension and residual hypertension as predictors. The 
residual hypertension was a statistically significant predictor 
of RAVLT, consistent with the reported Pearson correlation 
of -0.26, whereas the predicted hypertension was not. We can 
say that the portion of hypertension independent of higher 
BMI was associated with lower RAVLT, but the portion of 
hypertension associated with higher BMI was not associated 
with lower RAVLT. In other words, lower RAVLT scores 
were significantly associated with the portion of hypertension 
that was independent of BMI. 

We found a similar association between the triplet of 
RAVLT, SDB, and BMI (see Figure 2). BMI was a signifi- 
cant predictor of SDB. When the residual SDB and predicted 
SDB were included as predictors of RAVLT, the residual 
SDB was found to be a statistically significant predictor, 
whereas the predicted value was not. Thus, whereas BMI 
was associated with SDB, the portion of SDB that was 
associated with BMI was not associated with the RAVLT. 
We also analyzed the triplet of RAVLT, diabetes, and BMI 
and found that the association between RAVLT and diabetes 
was not significant. 
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V J 

Figure 3 Cohort I; Pearson correlations between model factors. Executive function {Color— Word Interference Test) is dependent variable {N-88 for body mass index vs 
N-89 for obesity single nucleotide polymorphism associations. N-l 15-121 for other associations). 
Note: ^Denotes statistically significant Pearson correlation (P<0.05). 



These analyses were repeated in order to examine the 
associations between the risk factors, BMI, and executive 
function. As seen in Figure 3, BMI was again found to be a 
significant predictor of hypertension, but the portion of hyper- 
tension associated with BMI was not a significant predictor 



Table 2 Ninety-five percent confidence intervals for Pearson 
correlations presented in Figures 1-3 



Variable 1 


Variable 2 


n 


r 


95% CI 


From Figure 1 










BMI 


Auditory 

verbal 

memory 


336 


-0.01 


(-0.1 1, +0.10) 


BMI 


FTO 


336 


+0.06 


(-0.04, +0.17) 


BMI 




336 


+0.07 


(-0.04, +0.18) 


From Figure 2 










BMI 


HTN 


1 19 


+0.22 


(+0.04, +0.38) 


BMI 


Diabetes 


1 15 


+0.29 


(+0.12, +0.45) 


BMI 


Sleep apnea 


1 18 


+0.22 


(+0.04, +0.38) 


BMI 


FTO 


89 


-0.05 


(-0.26, +0.16) 


BMI 


7M£M;8 


88 


+0.29 


(+0.09, +0.47) 


Auditory verbal memory 


HTN 


1 19 


-0.26 


(-0.42, -0.08) 


Auditory verbal memory 


Diabetes 


1 15 


-0.14 


(-0.31+0.05) 


Auditory verbal memory 


Sleep apnea 


1 18 


-0.23 


(-0.39, -0.05) 


Auditory verbal memory 


BMI 


121 


-0.05 


(-0.23, +0.13) 


From Figure 3 










Executive function 


HTN 


1 19 


+0.29 


(+0.12, +0.45) 


Executive function 


Diabetes 


1 15 


+0.31 


(+0. 1 3, +0.46) 


Executive function 


Sleep apnea 


1 18 


+0.06 


(-0.12, +0.24) 


Executive function 


BMI 


121 


+0.08 


(-0.10, +0.25) 



Abbreviations: BMI, body mass index; CI, confidence interval; HTN, hypertension. 



of CWIT. The portion of hypertension independent of BMI 
was found to be a significant predictor of CWIT. Analyses 
of the diabetes, CWIT, and BMI triplet revealed that BMI 
was a significant predictor of diabetes. The residual value of 
diabetes was a significant predictor of CWIT, whereas the 
predictive value was not. Thus, the portion of diabetes that 
was not associated with BMI was found to predict CWIT. 
Finally, we examined the triplet of CWIT, SDB, and BMI. 
SDB was not a significant predictor of CWIT. 

Finally, we examined the obesity gene (FTO or 
TMEM18), BMI, and condition (hypertension, diabetes, or 
sleep apnea) triplets in the same fashion (six total triplets), 
which are reported in both Figures 2 and 3. In the three 
TMEM18 triplets, TMEM18 was significantly associated 
with the portion of BMI that was independent of condition 
(hypertension, diabetes, or sleep apnea). 

Figure 4 displays the portion of variance explained by 
predicted and residual values for condition. The portion of 
variance explained by the residual value ranges from 9 1 .4% 
for diabetes to 95.4% for sleep apnea. 

Discussion 

This study investigated the relationship between cognition 
and obesity in nondemented community-dwelling individu- 
als aged 50 years or older. In this sample, lower cognitive 
performance was associated with obesity-related disorders, 
including hypertension, diabetes, and SDB. Further analyses 
revealed that although obesity is associated with each of these 
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Figure 4 Portion of variance explained by predicted and residual values. Black bar indicates portion of variance explained by predicted value. Grey bar indicates portion of 
variance explained by residual value. 



risk factors, it has a relatively small impact on poor cognitive 
performance. Genetic risk factors were also found to have a 
small association to obesity. 

It is interesting that the portion of obesity-related dis- 
orders that is associated with cognitive impairment is the 
portion that is unrelated to obesity. A key factor indepen- 
dently associated with SDB, hypertension, and diabetes is 
insulin resistance.^" Those with metabolic syndrome have 
been shown to develop cognitive impairment more rapidly 
than those with normal metabolic profiles." Thus, it may be 
that insulin resistance-related disorders or complex behaviors 
affecting weight, like binge eating, are associated with poor 
cognition,^^ " but the current study cannot provide informa- 
tion on these issues. Measures relevant to insulin resistance 
should be collected in future studies. 

Regarding strengths and limitations of this study, the 
use of polysomnography for diagnosis of SDB is a strength; 
however, the reliance on self-report data for the classification 
of diabetes and hypertension is a limitation. These comorbidi- 
ties could be undiagnosed or misdiagnosed. Thus, although 
informative, this work is exploratory in nature and no assump- 
tions can be made regarding causality in these relationships. 
The generalizability of this study is also limited, as a large 
proportion of the subjects were veterans. In addition, the over- 
all number of subjects remains small, such that the genetics 
findings may not be consistent across cohorts. For example. 



there are relatively higher correlations of the TMEM18 SNP 
in one cohort but not others. Finally, analysis of cognition was 
limited to auditory verbal memory and executive function. 

Conclusion 

The results suggest that in nondemented community-dwelling 
older individuals, cognitive decline is associated with 
obesity-related disorders (ie, diabetes, hypertension, and 
SDB). However, a direct linkage between obesity and poor 
executive function and auditory verbal memory is difficult 
to discern. This may be due, in part, to the fact that nonobese 
individuals may show cognitive impairment due to insulin 
resistance and the "metabolic syndrome" rather than weight. 
Future research should assess markers of insulin resistance 
to better elucidate these relationships. 
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